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Theory vision circa 1984

ECFA 84/85
CERN 84-10

5 Sepember 1984 Satisfied with these successes, we have now to face deeper questions such
as:

what is the origin of mass?

what kind of unification may exist beyond the standard model?
what is the origin of flavour?

is there a deeper reason for gauge symmetry?

7

We have simply too many a priori plausible hypotheses concerning the nature

of symmetry breaking in the standard model. Experimentation in the TeV

LARGE HADRON COLLIDER
IN THE LEP TUNNEL

range at the constituent level is bound to provide most essential clues, and

Vol.I the present successes of the pE collider are a very strong encouragement to
PROCEEDINGS OF THE ECFA-CERN WORKSHOP go to higher energies and to higher luminosities in hadron—~hadron
2T March 1984 collisions.
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Theory vision circa 2022

v/ What 1s the origin of mass?

What kind of unification may exist?

What 1s the origin of flavor?

Is there a deeper reason for gauge symmetry?
+ What 1s the nature of dark matter?

+ What 1s the nature of the neutrino sector?

A Higgs! Yet:
Is 1t the SM Higgs?
Is 1t the only one?
Why 1s there EWSB?
What sets the scale?




The path to shorter distances

Conventionally: pursue these questions by LN - VL?S _10107TTeZV§>p
probing shorter distances with either [ PNAL )
precision (indirect) or energy (direct). N7

Muon colliders blur this dichotomy.

® Colliding elementary particles leverages
the full energy of the accelerator, with a
(relatively) clean environment.

NLC eTe™ (0.5—1 TeV)

e Higgs u u~ (0.1 TeV)
€ wtu” (0.4 TeV)

® | arger mass of the muon allows a @ Lt (3 Tev) s N
smaller footprint & higher energies - )
compared to ete- counterparts. N

- o ey . Pipetron 100 TeV pp
® Major challenges: finite lifetime, cooling (5 — 17 TeV)

[Ankenbrandt et al. arXiv:physics/9901022]



The Quantum Muon
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Muon annihilation
deploys the entire
energy of the collider

Vector boson fusion
leverages the muon’s
virtual boson content



Muon annihilation & pp equivalents

In the spirit of [Delahaye et al. 1901.06150, Costantini et al. 2005.10289]

2-to-1 production 2-to0-2 production
USG 1SG|

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Jsu [TeV] Jsu [TeV]
(Bands are NNPDF3.0 LO vs. CT18NNLO)

Comparison favorable to MC inthat § = s, = M? for 2-to-1 and § = 5. = 4M? for 2-t0-2

H 5 H



VBF: uCs as Vector Factories

[Han, Ma, Xie, 2007.14300]} [Han, Ma, Xie, 2007.14300}
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VBF dominates well above threshold Longitudinal polarizations play a key role,
due to logarithmic growth with Ecw making an extraordinary laboratory for EWSB

7 c.f. [Costantini et al. 2005.10289]



What is the origin of mass?

100
JZSi€]
A Higgs! Yet:
Is 1t the SM Higgs? — - S—
Is 1t the only one? 102+ HH
Why 1s there EWSB? Obkg — U(M+N_ — W/Z/~/h + X)
What sets the scale? y
The Higgs itself is key, f
5
Any deviation in its 10-°
oroperties from SM /r/
predictions is a telltale ke = 0(pp —> bD)
sign of new physics. 10-°f Pke
S/B favorable at a uC. 20 40 60 80 100




Is it the SM Higgs?

HLLHC HLLHC HLLHC HLLHC HLLHC

+ 125 GeV p-coll. | + 3 TeV u-coll. + 10 TeV p-coll. | 4+ 10 TeV u-coll.

5 fb~1 1 ab~1 10 ab™! + ete~ H fact

Coupling (240/365 GeV)
KW 1.7 1.3 04 0.1 0.1
KZ 1.9 1.3 IRY 04 0.1
Kg 2.3 1.7 1.4 0.7 0.6
ey 1.9 1.6 1.3 0.8 0.8
Ke - 12 74 2.3 1.1
Kt 3.3 3.2 3.1 3.1 3.1
K 3.6 1.6 0.9 0.4 0.4
K 4.6 0.6 4.3 3.4 3.2
K 1.9 1.4 1.3 0.6 0.4
Ky 10.4 10.3 10.3 10.3 10.1

t No input used for u collider.

Courtesy P. Meade, from [Forslund & Meade, to appear] and [de Blas, Gu, Liu, to appear]
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Is it the SM Higgs?

Higgs cubic self-coupling 00— T
[Han, Liu, Low, Wang 2008.12204] . .
Vs (TeV) 3 6 10 14 30 |
benchmark lumi (ab™1) 1 4 10 20 90 5 o é%)
(Alig)in 25% 10% 5.6% 3.9% 2.0% _ootl
Higgs quartic self-coupling "™ =&~ L
102? 't o HHEG [Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao 2003.13628]
o Constraints on &, (with d3 = 0)
b f e Vs (TeV) Lumi (ab™!) x-sec only, acceptance cuts
_ ' lo 20 30
< § 12 —0.50,0.70] [-0.74,0.95] [-0.93,1.15
100 bl 10 20 _0377 054 _0557 072 _0697 085
' :é?z?i(ﬁsm § 14 33 —0.28,0.43] [—0.42,0.58] [—0.52,0.68
B 30 100 —0.15,0.30] [—0.24,0.38] [—0.30,0.45
Nl R 563=03$§=—1 3 100 —0.34,0.64] [-0.53,0.82] [-0.67,0.97
5 10 \/Eli:l-IS_eV] 20 25 30
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[ab/GeV]
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Is it the SM Higgs?

igh-energy measurements equally powerful |Buttazzo, Franceschini, Wulzer, 2012.11555]

For example: measuring Higgs-top coupling in high-energy tt
Expect to remain an interesting target after HL-LHC/Higgs factory (| dgqnm | < 0.06)
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Is our Higgs the only one?

Many possible extensions of the ___[Buttazzo, Redigolo, Sala, Tesi
scalar sector...

1807.04743; updated for uSG
T T T T I T 1
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For illustration: a Standard Model L N S A O
singlet mixing with the Higgs. |

h = hYcosy + Ssin~y
¢ = Scosy— h’sin~y

Production:

O¢p — Sin2 Y - Uh(m¢)

Decay:

BR¢—>ff,VV — BRh—>ff,vv(1 B BR¢—>hh)

12



Why EWSB? What sets the scale?

Supersymmetry Composite Higgs

(@u/HP)®, Ow = 2 (Hlo" D1 1) DYW,

1
2

Indirect Oy =
12

[SGS L L2 1L0Z 48ZINAA ‘lUlyossouel ‘0zzenngd]

T 5 10 50 100 0 20 40 60 80 100 120 140
Vs [TeV] m, [TeV]
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Why EWSB? What sets the scale?

Theories that predict the Higgs mass provide sharp targets for the scale of new physics.

Direct targets set by the Correlated opportunities in minimal frameworks
observed Higgs mass

(e'g' supersymmetry) 20 Mmulnaldaugeu\lledhatleh
[Pardo Vega & Villadoro, 1504.05200 |
20 I I I I I 15___ — — — — e — __30
N — 130 TeV
14 TeV 10 g:;g,;
: 10 TeV S=ss
6 TeV =2 14
ST 5% 10
3 TeV 6
1 | | 1 | . — _— e = |3
-3 -2 -1 0] 1 2 3 o
At/m; M, M M H map Mmq, My, Mmp, M, Mg Mqg, My, Mp, M, Mg,
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https://arxiv.org/abs/1504.05200

1/a(u)

Unification beyond the Standard Model?

|Giudice et al 1204. 5465]
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Running of couplings in the Standard Model

1614I 1017

tantalizingly hints at unification, but the
intersection is Imperfect & scale too low.
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New particles at TeV energies sharpen the
prediction & raise the scale: clear targets for a

high-energy muon collider, reach to ~\/§/2.
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What is the origin of flavor?

First high-energy accelerator to primatrily
collide second-generation fermions.

High collision energies provide:

Direct access to hypo

particles associated with f

‘hetica

new

dVOr S

ructure

Indirect access to flavor structure via
lepton flavor violating operators
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Muon colliders an outstanding probe of explanations for B flavor anomalies

[Huang, Queiroz, Rodejohann, 2101.04956; Huang, Sana, Queiroz, Rodejohann,
2103.01617, Asadi, Capdevilla, Cesarotti, Homiller 2104.05720]

10

From
HU — UT
at muon
colliders,

3 TeV ~
Belle-Il

[TeV™2]



Is there a-deeperreasenfor gauge symmetry?

We Iincreasing
doublet H,

*6h; <)

v assume, but do not know, that h is™ part of an electroweak
.e. that SU2).xU(1)y is linearly realized by the known fields.

IS” = low-energy theory suitably well behaved when h packaged into H

Equivalently: is the appropriate EF1

SMEFT: SUQ2) xU(1)y, H

0/8
HEFT

HEFT: U1)em, h & T

—asy to obtair
Showing that the linear

U(1)em-symmetric EFT from SU(2).xU(1)y-symmetric UV t

Neories.

v realized gauge symmetry of known particles is SU(2).xL

the coset “HEFT/SMEF

", which necessarily violates unitarity by 4zv a la

(1)y <> ruling out

17



Is there a-deeperreasenfor gauge symmetry?

4 N A Not comprehensively studied yet, but relevant
Decisive test: results encouraging, e.g. [Chiesa, Maltoni,
Mantani, Mele, Piccinini, Zhao 2003.13628]

Measuring 2-to-2 scattering at

high energy not optimal |Chang, . s =14 TV
Luty "19; Falkowski, Rattazzi "19]. B I I&E§33ab‘l—11‘: """""" }
Nsiah;?;’r <
| Deviation from 9 H— \/ ______________________ E——
Instead: measure comprehensive SMEET correlation
Set Of 2_-t0_2 and 2_t0_few between H|ggs CUbiC ] I — ...................................... ........................... ........... i
processes W/ longitudinal vectors and quartic <0 5 5
& Higgs bosons at partonic
energies above 4xv ~ 3 TeV. 51 = 64 — 60 B R R R G
S T IO SRRSO SRS S S S
® Beyond reach of the HL-LHC.
B> O OO OO SOOI FOUTA TSSO USSR SO
® [deal for multi-TeV uC. . | l . |
- _J —04  —0.2 0 0.2 0.4
03
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What is the nature of dark matter?

large elect

“Minimal dark matter”
(Electroweak multiplets
with neutral lightest
particle, abundance set
by SM interactions)

Powerful prospects for a uC in final states with missing energy:
roweak production rates, low backgrounds compared to hadron colliders

Muon Collider 50 Reach (vVs= 3, 6, 10, 14, 30, 100 TeV)

(1,7,€)
(1,7,0)
(1,9,€)
(1,5,0)
(1,3,€)
(1,3,0)

1
(17275)

1 — larget set by DM

I abundance (WIMP miracle)

\\_-

7 Photon + missing

; momentum search
L
™

| T | Target \— Disappearing track

Conservative Liminosity : search

0.5 1 5}

m,(TeV)
19

10 o0

[Han, Liu, Wang, Wang, 2009.11287, lumi updated for uSGj
see also [Capdevilla, Meloni, Simoniello, Zurita 2102.11292]



What is the nature of the neutrino sector?

Neutrino Factory (NuMAX _ .
Proton Driver Front End |Cool- | Acceleration u Storage Ring v Factory Goal:
ing , ~ O(10*'") wyear
o0 -,
e G sccepance
5 T 5 5|wi |0221 15 ——gv
s BRE £ &|E: GeV  Gev H
2 ® |me g z = § < ~0.35 km g u-Collider Goals:
§ § H 513 |accelerators: Lol priding
g ‘;"Gg = % Single-Pass Linacs “'1:"0?;‘395’7'
S | i |(Opt.RLA or FFAG) | . l; 1‘03‘ = )
Share same complex : el cmes
Muon Collider :
Proton Driver Front End §Cooling Acceleration Collider Ring
9.0 PO 0
=T E = — RS e )
T_T = 5|® 8
3 585*35%3223
é‘ 56528888 s 28 8 -
§ 2= = %0 2 3 § O
g i 32 383 -
S g 2| ™ 2 © £ | Accelerators:
§ e |= 5 Linac, RLA or FFAG, RCS

Delahaye et al. 1803.07431]

20

e Muon storage ring-
pased neutrino
factory synergistic
w/ development of
high-energy muon
beams.

® Physics
opportunities Iin
neutrino radiation,
Mu-nu collisions, or
Nu-nu collisions at
nigh-energy muon
collider itself?
l[de Gouvéa, Muon
Collider Forum
09/21/21]




Compelling complementarity

Vst
= g. next-gen. electron e T TTTTTTU i
EDM experiments y X"
sensitive to ~20 TeV "
particles in Barr-Zee .
diagrams; same diagram ! TN e
RN

probed iIn muon colliders

Any new physics contributions to Muon g-2
efficiently prolbed at muon colliders
|(Capdevilla, Curtin, Kahn, Krnjaic,
20006.16277; Buttazzo & Paradisi,
2012.02769; Capdevilla, Curtin, Kahn,
Krnjaic, 2101.10334; Chen, Wang, Yao
2102.05619; Yin, Yamaguchi 2012.03928]

[Buttazzo & Paradisi, 2012.02/769]
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Theory vision circa 2022

What 1s the origin of mass?

What kind of unification may exist?

What 1s the origin of flavor?

Is there a deeper reason for gauge symmetry?
What 1s the nature of dark matter?

What 1s the nature of the neutrino sector?

SN SN N N NS

A Higgs! Yet:

v Is 1t the SM Higgs?
v/ Is 1t the only one?
v/ Why 1s there EWSB?

v/ What sets the scale?

The muons are calling, and we must go.

Thank you!
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